Saline extracts prepared from the electric lobe, the electromotor nerves, and the electric organ (the electromotor system) of Torpedo californica increase the number of ACh receptors on uninnervated chick myotubes in culture, while extracts from T. californica liver or skeletal muscle do not. The extracts also increase the ACh sensitivity of treated myotubes, indicating that newly synthesized receptors are functional. The active substance(s) is heat sensitive but not trypsin sensitive. Gel filtration on Bio-Gel P-150 shows that the activity is associated with a peak of low (<5,000-dalton) molecular weight activity. Labeling studies with rhodamine-conjugated Lu-bungarotoxin show that, in addition to their effect on receptor number, these extracts also cause aggregation of prelabeled ACh receptors on the myotube surface.
tors. It has been suggested that extracts can induce receptor clusters, at least in part, by causing the aggregation of receptors already exposed on the surface of the myotube (Prives et al., 1980) . ACh receptor-inducing activity may be unique to cholingeric neurons. Previous work from this laboratory has shown that medium conditioned by ciliary ganglion cells, a pure population of cholinergic neurons, increased the number of myotube ACh receptors, while medium conditioned by presumably non-cholinergic dorsal root ganglion cells had no effect (JesselI et al., 1979; Fischbach and Jessell, 1980) . Cohen and Weldon (1980) have demonstrated that Xenopus spinal cord cells, many of which are cholinergic (Anderson et al., 1977 (Anderson et al., ,1979 , induce clusters of ACh receptors along the path of nerve-muscle cell contact in vitro, whereas dorsal root ganglion or sympathetic ganglion cells do not.
The electromotor system of Torpedo is an excellent system for the study of cholinergic synapses (see Whittaker, 1977 , for a recent review). Neuroelectrocyte synapses are cholinergic (Feldberg and Fessard, 1942) and kilogram amounts of organ can be obtained from a single fish. Each organ is innervated by nerves which arise directly from the electric lobe, a bilateral eminence on the brain stem posterior to the cerebellum. The lobe contains only electromotor neurons which provide cholinergic innervation to the electric organ (Able-Fessard and Buser, 1954; Bennett, 1970; Tsuji, 1977) . In this study, we report that saline extracts from the Torpedo Vol. 2, No. 9, Sept. 1982 californica electromotor system can increase the number of ACh receptors as well as the number of receptor clusters on chick myotubes.
Materials and Methods
Cell-free extracts Torpedo californica tissue was either dissected from live fish or material previously frozen in liquid nitrogen was purchased from Pacific Bio-Marine (Venice, CA). Up to 1 kg of electric organ (EO) could be obtained from a single fish, the paired electric lobes (ELs) from one fish usually weighed 0.75 to 1.0 gm. Fresh material could be stored at -80°C for several weeks with no appreciable loss of biological activity.
To prepare T. californica extracts, the tissue was homogenized in Puck's saline (Puck et al., 1958) in a Dounce homogenizer at a ratio of 1 gm of tissue/3 ml of saline. The crude extract was filtered through gauze and centrifuged at 10,000 X g for 20 min to produce a low speed supernatant (LSS) and a low speed pellet (LSP), and the latter was resuspended in the same volume as the LSS. The LSS then was centrifuged at 200,000 x g for 2 hr to produce high speed supernatant (HSS) and pellet (HSP) fractions, and the HSP was resuspended in the same volume as the HSS. The equipment and solutions used were sterile, but no subsequent attempts were made to sterilize the final extracts.
When the LSP extracts from the electric organ were added to cultures of myotubes, very large increases (up to 40-fold) were seen in the binding of 1251-cw-bungarotoxin (described below). However, the material in this fraction would bind large amounts of toxin, and if cold (unlabeled) a-bungarotoxin was added to the fraction before addition to the cells, no increase in toxin binding was seen. Since this fraction obviously contains large numbers of ACh receptors (AChRs), we chose to concentrate in subsequent experiments on the LSS fraction separated by centrifugation into HSP and HSS fractions.
Extracts of embryonic chick brain (15 to 19 days in ouo) were prepared by the same method.
Cell culture Embryonic chick muscle cultures were prepared from dissociated myoblasts as previously described (Fischbath, 1972) , except no trypsin was used in the dissociation. Cells were plated at a density of 105/ml on collagencoated Costar 96-well cluster plates (0.1 ml/well) or on collagen-coated glass coverslips in 35-mm Falcon dishes (1.0 ml/dish). Cells were plated (day 0) in Eagle's minimal essential medium with Earle's balanced salt solution (BSS) supplemented with 10% horse serum and 5% chick embryo extract (CEE). On day 3, the cells were fed with the same medium containing only 2% CEE.
For the treatment of myotubes with tissue extracts, cells were fed daily with medium containing 1% CEE starting on day 4. Myotubes were treated routinely with extract for 4 days, from days 4 to 7 of culture, and 1 to 10 pi/well/day was added. In some experiments, extracts were added for only 1 day. In this case, the medium was changed daily, but extracts were added only on day 7.
ACh receptor assays 125I-a-bungarotoxin binding. To measure the specific binding of '251-a-bungarotoxin (BGT), cells were grown in 96-well cluster plates. On day 8, the medium was removed, the cells were washed once in BSS, and 50 ~1 of BSS containing 5 x 10-9 M 1251-a-BGT (New England Nuclear, Boston, MA; specific activity, 17.5 &i/mg) was added. Cells were incubated for 60 min at 37°C and washed by repeated immersion in 2 liters of BSS, the contents of each well was dissolved in 200 ~1 of 1 N NaOH containing 500 pg/ml of sodium deoxycholate, and radioactivity was measured in a Beckman Gamma 300 counter. At least eight replicate wells were used for each condition. To measure nonspecific binding, eight wells were incubated with the same radioactive toxin mixture containing a large excess of unlabeled (u-BGT (5 x 1O-7 M) and dtubocurare (2 X lop4 M) and the mean value for this set of wells was subtracted from the total counts for each test well to give a value for specific toxin binding. These values were averaged to give a mean binding value for each test condition.
ACh iontophoresis. For these studies, cells were grown on glass coverslips. The ACh sensitivity of control and treated cultures was assayed by measuring the deplorization caused by applying ACh iontophoretically from an electrode fiied with 1 M ACh. The positive iontophoretic current pulse was 1.0 msec in duration and 10 nA in amplitude; the negative "bucking" current was about 2 nA. The index of ACh sensitivity used here, millivolts of depolarization per nanocoulomb of charge ejected (mV/nC), was calculated after measuring the current pulse and the membrane potential change directly on a storage oscilloscope screen.
Rhodamine a-BGT labeling. To examine the distribution of receptor clusters in control and extract-treated cells, myotubes grown on glass coverslips were incubated in complete medium containing 0.1 PM tetramethylrhodamine-labeled a-BGT (R-BGT; prepared by Julia Matthews-Bellinger according to the method of Ravdin and Axelrod (1977)) for 60 min and then washed three times (30 min each) in fresh medium. Cells were rinsed in BSS, fixed for 10 min in 0.1 M phosphate buffer, pH 7.2, containing 2% formaldehyde (freshly prepared from paraformaldehyde) and 0.1 M sucrose, washed three times in phosphate buffer alone, and mounted in phosphatebuffered saline/glycerol (50/50), pH 7.8.
The density of the clusters was estimated by examining 10 different fields of myotubes under x 40 magnification for each sample; clusters were counted under an ocular grid in each field using fluorescent illumination (Leitz epi-illuminator with a 100-W mercury light source; Leitz N2 filter cube) and the muscle cell surface area was determined by counting the intersection points in the ocular grid (13.5~pm squares).
To examine the fate of receptors already exposed on the cell surface at the time of extract addition, myotubes were labeled with R-BGT for 60 min, washed, and then placed in medium containing extract. In these experiments, these "prelabeled" receptors were exposed to extracts for relatively short periods of time, 8 or 24 hr.
Results
Extracts prepared from tissues of Torpedo californica were assayed for their effect on myotube ACh receptor number by measuring the binding of 1251-a-BGT to treated cells. The HSPs and HSSs from the T. califor-nica electromotor system caused a significant (p < 0.005) increase in the binding of 1251-(u-BGT to chick myotubes ( Fig. 1 ). Myotubes treated with the same fractions prepared from T. californica skeletal muscle did not produce an increase and fractions prepared from the liver produced a decrease ( Fig. 1 ). It should be noted that these liver fractions were toxic to the cells, and within 1 to 2 days of extract addition, the majority of cells had pulled off of the substrate. Electric organ. The addition of EO-HSP resulted in a 7-to lo-fold increase in the binding of lz51+BGT to treated myotubes ( Fig. 1 ; Table I ); however, this does not reflect any increase in myotube ACh receptor number but simply the fact that a large number of Torpedo ACh receptors are present in the EO-HSP. Pretreatment of this fraction with unlabeled LU-BGT eliminated the increase. In addition, the extract itself would bind toxin sufficient to account for any increase seen (Table I) . Moreover, there was no significant increase in the ACh sensitivity of EO-HSP-treated fibers (Table I) . Considering published protocols for the preparation of ACh receptor-rich Torpedo membrane (e.g., Sobel et al., 1977) , it is not surprising that low speed centrifugation failed to remove all of the toxin binding sites.
On the other hand, EO-HSS produced a dose-dependent increase in 1251-a-BGT binding (increases in binding of l.O-to 1.7-fold over control were seen over a concentration range of 1.6 to 16 pg of electric organ protein added per day) that probably does reflect an increase in the number of myotube ACh receptors ( Fig. 1 Figure 1 . Effects of T. californica extracts on the binding of lz51-a-BGT to chick skeletal muscle cells in culture. Cells grown in 6-mm wells (microwells) were fed on each of 4 successive days, beginning on day 4 of culture, 100 ~1 of 1% medium. In addition, each well received 10 pi/day of the extract indicated; control wells received 10 ~1 of saline. After 4 days, '251-a-BGT binding was determined. In each experiment, the amount of 125I bound in extract-treated wells was expressed relative to the amount bound in control wells (eight wells per condition). The bars represent the average of three experiments; the error bars indicate the standard error of these means. HSS, High speed supernatant; HSP, high speed pellet. * The large increase in toxin binding seen in EO-HSP-treated wells is due to exogenously added ACh receptors; see text. BGT binding sites/l0 ,ul would remain in the EO-HSS following centrifugation at 200,000 x g for 2 l-q therefore, the amount of toxin binding sites added accounts for less than 1% of the increase in binding seen on EO-HSStreated myotubes. Second, electrophysiological experiments showed that EO-HSS-treated fibers were more sensitive to ACh. The ACh sensitivity of small patches of untreated myotube membrane, assayed with brief pulses of ACh, ranged widely between 40 and 500 mV/ nC with a geometric mean of 173 mV/nC (57 sites on 12 myotubes). The sensitivity of extract-treated cells also ranged widely between 260 and 1100 mV/nC, but the geometric mean of 509 mV/nC (28 sites on 6 myotubes) was significantly greater than the control (p < 0.005). Thus, the EO-HSS contains a factor(s) that causes an increase in the total number of '251-a-BGT binding sites, and these new sites are associated with functional receptors.
Electric lobe. Both the HSP and HSS prepared from the electric lobe increased the number of ACh receptors on the myotube surface ( Fig. 1 ; Table II ). The EL-HSP fraction, unlike the EO-HSP, did not bind 1251-a-BGT (Table II) and thus contains no ACh receptors. These Vol. 2, No. 9, Sept. 1982 extracts produced increases in toxin binding of up to 2.9-fold over control over a concentration range of 0.9 to 46 pg of protein added per day for the EL-HSS and up to 4.0-fold over control over a concentration range of 1.3 to 66 pg of protein added per day for the EL-HSP. Both of the EL fractions also produced significant increases (p < 0.005) in the ACh sensitivity of treated fibers (Table  II) . The sensitivity for untreated cells ranged between 10 and 710 mV/nC with a geometric mean of 108 mV/nC (118 sites on 25 myotubes). The sensitivity of EL-HSPtreated cells ranged between 100 and 1800 mV/nC with a geometric mean of 470 mV/nC (66 sites on 14 myotubes). For the EL-HSS, the range was 150 to 650 mV/ nC with a geometric mean of 381 mV/nC (26 sites on 7 myotubes). The level of activity present in the electric lobe fractions was significantly higher than that found in the EO-HSS. Attempts to concentrate the activity present in the EO-HSS (for example, by lyophilization) were not successful. For this reason, we did some preliminary biochemical characterization of the activity from the electric lobe, although our work was limited by the amount of material obtainable and the amount required for a subsequent bioassay.
EL-HSS fractions heated to 100°C (but not allowed to boil) for 5 min produced no significant increase in the amount of toxin bound to treated myotubes (1.04 times control values). Biological activity was not lost after treatment with trypsin (Worthington TRPCK grade) at a concentration of 0.1 or 1.0 mg/ml for 30 min at 37°C. When the EL-HSS was fractionated on a column of BioGel P-150 (Fig. 2a) , biological activity generally was confined to a broad peak consisting of fractions 9 to 11 ( V,/VO of approximately 3). Higher molecular weight material in column fractions 4 to 6 caused a consistent decrease in the amount of '251-a-BGT bound. The same activity profile-the decrease in receptor number following exposure to leading fractions as well as the increase in receptor number following treatment with later fractions-was observed with three different preparations.
It is possible that the activity present in the EL-HSP is similar to that present in the HSS and that it pellets simply because it is contained in a membrane-bound compartment. To investigate this possibility, the EL- o' 8 , s , a , . , , , 8 8 , 3 5 7 9 11 13 fraction number fraction number Figure   2 . Elution profiles of T. californica electric lobe extracts on Bio-Gel P-15O.One-milliter aliquots of EL-HSS and EL-HSP-R were applied to a 0.6 x 15 cm column of Bio-Gel P-150 (bed volume, 6.5 ml) and 0.75~ml fractions were collected. The samples were applied in and the column eluted with Puck's saline without glucose, pH 7.2. Aliquots of each fraction were added to microwell cultures for 4 days (see the legend to Fig.  1 ). In this experiment, 25 ~1 were added per well to compensate for dilution during filtration. The ordinate represents the treated/control ratio of lz51-a-BGT binding. a, Activity profile for EL-HSS; b, activity profiles for EL-HSS (dashed lines) and the material released from EL-HSP (solid lines). The column was calibrated with a mixture of dextran blue (2 X 10" daltons), cytochrome c (12,400 daltons), and phenol red (377 daltons); the peaks for each of these markers were fraction 3, fraction 7, and fraction 11, respectively. HSP was subjected to conditions known to disrupt synaptic vesicles from Torpedo (Wagner and Kelley, 1979; J. Wagner, personal communication). Sonication, repeated cycles of freezing and thawing, and osmotic shock each released a small but significant (15 to 35%) amount of the total activity present in the EL-HSP. Unfortunately, detergent solubilization of the fraction was not feasible since our activity appears associated with low molecular weight material and we could not remove the detergent by dialysis before subsequent bioassay. To compare this released activity with that present in the HSS, five electric lobes were homogenized and the resultant HSP fraction was resuspended in one-seventh the normal volume to concentrate the activity. The material was sonicated, subjected to two cycles of freezing and thawing, and then centrifuged to generate a supernatant or released fraction (EL-HSP-R). Like the EL-HSS, the activity present in the released material was found to be heat sensitive (more than 75% of the biological activity was lost after 5 min at 100°C) but not sensitive to trypsin (1.0 mg/ml). Fractionation of EL-HSP-R on Bio-Gel P-150 gave an activity profile similar to that obtained for the EL-HSS (Fig. 2b) : biological activity was confined to fractions 9 to 11, and fractions 4 to 6 produced a significant decrease in the amount of lz51-a-BGT bound.
Electromotor nerves. Extracts prepared from the nerves that connect the electric lobe and organ (electromotor nerves) produced a significant increase in the total number of ACh receptors on chick myotubes (Fig. 1) . The size of the increase was of the same order as that obtained with the electric lobe fractions. However, comparison of this activity with that from the electric lobe was difficult because the active substance in the nerves appears to be labile: activity often was lost within 1 to 2 weeks when stored under the same conditions as EL and EO extracts. In addition, electromotor extracts contain a substance that is apparently toxic to chick myotubes. After 2 or 3 days, treated cells appear vacuolated and begin to detach from the culture surface.
ACh receptor clusters. Factors isolated from chick or mammalian tissues that cause an increase in the number of myotube ACh receptors (Podleski et al., 1978; Jessell et al., 1979 ) also cause an increase in the number of receptor clusters. We examined the effect of T. californica extracts on the number of receptor clusters by labeling myotubes with R-BGT.
Untreated cells had an average of 535 clusters/mm2. Cells in sister cultures treated with EO-HSS for 4 days showed an increase in the number of clusters to 1180/ mm2, but cells treated with EO-LSP showed no increase in cluster number (Table III) . Clusters also were identified in cultures treated with EL fractions. In this series of experiments, control myotubes had an average value of 440 clusters/mm2, whereas cells treated with the EL-HSP had a value of 1650/mm2 and those treated with EL-HSS a value of 1280/mm2 (Table III ). An example of the ACh receptor distribution on control and EL-HSPtreated myotubes is seen in Figure 3 .
To examine the effect of T. californica extracts on receptors that were already present in the myotube surface membrane, cells were treated with R-BGT, washed, and placed in fresh medium with or without EL or EO extracts. In one experiment in which extracts were present for 24 hr, untreated cells had an average of 42 clusters/mm2.
In contrast, values of 249 and 202/mm2 were obtained for EL-HSPand EL-HSS-treated cells, respectively (Table III) . The control value here differs by approximately lo-fold from that for cells examined immediately after R-BGT labeling (above). This difference could be accounted for by receptor redistribution during the experiment; at least some of this difference may be accounted for by turnover, since the half-life of ACh receptors in chick myotubes grown at 37°C is about 1 day (Devreotes and Fambrough, 1975) . In another experiment in which cells were exposed to extracts for For clusters of all receptors, cells were treated for 4 days, from days 4 to 7 of culture, with the extract indicated, and on day 8, R-BGT was added for 60 min; the cells were washed and fiied and the cluster number was determined. For clusters of prelabeled receptors, on day 7 of culture, myotubes were incubated with R-BGT for 60 min, washed, and then placed in fresh medium with one of the extracts for 8 or 24 hr. Cells then were fixed and the cluster number was determined. We have shown that the electric lobe, the electromotor nerves, and the electric organs of Torpedo californica contain an activity that can increase the number of functional ACh receptors on uninnervated chick myotubes. This activity appears to be associated with a low molecular weight molecule since the peak of activity on Bio-Gel P-150 ran midway between the cytochrome c peak (12,400 daltons) and that for phenol red (347 daltons). Jessell et al. (1979) showed that most of the activity present in chick brain extracts was found to be associated with low molecular weight acid/acetone-soluble material, although there was a significant amount of activity associated with material of higher molecular weight. We also have found a significant amount of receptor-inducing Vol. 2, No. 9, Sept. 1982 activity present in acid/acetone extracts of T. californica electric lobe and electric organ (not shown). Vyskocil and Syrovy (1979) found that the ability to induce ACh sensitivity in rat extensor digitorum longus muscle by extracts of rat sciatic nerve was associated exclusively with low molecular weight, dialyzable proteins. In contrast, Podleski et al. (1978) found that the ability to increase ACh receptor number in rat myotubes was associated with a higher molecular weight protein of about 100,000 daltons.
Given this apparent association with a low molecular weight species, it was interesting to note that activity was found in the electric lobe in both the HSP and HSS fractions. Activity could be released from the pellet fraction by treatments which disrupt membranes and the released material was similar to that in the EL-HSS on the basis of heat sensitivity, trypsin insensitivity, and filtration through Bio-Gel P-150. Although not strong criteria for identity, these results suggest that the same activity is present in both fractions. Since treatments which disrupt membrane-bound vesicles released activity from the EL-HSP, it is plausible that the material is contained in vesicles. It will be of interest to determine if vesicles that contain ACh also contain receptor-inducing activity.
On the basis of our results, the T. californica electromotor system does not appear to be an extremely rich source of this receptor-inducing activity. The EL-HSS fractions contain about twice as much receptor-inducing activity per mg of protein added than do similar fractions prepared from chick brain. However, the levels of activity present in the Torpedo electromotor system may well be difficult to ascertain since it appears that we also have an inhibitory activity present in these extracts. In gel filtration profiles, the early or higher molecular weight fractions contained material that did not appear to be toxic to or grossly affect the muscle cells but did cause a decrease in the number of ACh receptors on the myotube surface. Such an inhibitory activity may well mask the amount of stimulatory activity present in these extracts and purification of both the inhibitory and stimulatory activities will be required to clarify this point. The presence of such an inhibitory activity could account for the ambiguous results that we obtained with electromotor nerve extracts.
In addition to their effect on receptor number, watersoluble extracts from T. californica also increase the number of prelabeled receptor aggregates by a mechanism that is apparently independent of receptor synthesis. We do not know if the same molecules are responsible for both effects. Recently, But et al. in our laboratory (M. H. But, P. Nystrom, and G. D. Fischbach, manuscript in preparation) have found that highly purified fractions prepared by high pressure liquid chromatography from trifluoroacetic acid-soluble extracts of chick brain retain both of these activities: the ability to induce aggregation of prelabeled receptors as well as the ability to increase receptor number. In this case, both activities are associated with low molecular weight species.
Christian and co-workers (Christian et al., 1978; Bauer et al., 1981) , however, found that a large protein of approximately 100,000 daltons would cause aggregation of ACh receptors on the myotube surface without increasing the total receptor number. Rubin et al. (1980) found that a particulate, basal lamina-containing fraction from T. californica electric organ would increase the clustering of prelabeled ACh receptors within 2 to 8 hr after addition to myotubes. We found that the EO-LSP fraction, which presumably contains most of the basal lamina from the electric organ, will cause clustering of prelabeled receptors within 8 hr without affecting the total receptor number or the number of receptor aggregates over 4 days. It is clear from our data, however, that the ability to induce receptor aggregation is not restricted to the basal lamina in T. californica since we have found such activity in both the EO-HSS and the EL-HSS fractions. It will be of interest to determine if this effect is caused by the same molecule that is responsible for stimulating ACh receptor synthesis.
In recent years, several different soluble "factors" have been described which affect the synthesis and/or clustering of myotube ACh receptors (Podleski et al., 1978; Christian et al., 1978; Jessell et al., 1979) . Recently, Peng et al. (1981) reported that ACh receptor clusters would form at contact sites between muscle cells and positively charged latex beads. The fact that high pressure liquid chromatography studies in this laboratory have shown that the activity is associated with only a few specific fractions would tend to rule out the theory that these observations represent a nonspecific or ionic effect rather than a true biological one. However, the relationship between this activity from chick brain and those from other sources, including Torpedo, must be established. It remains to be demonstrated that molecules capable of inducing the synthesis and/or aggregation of ACh receptors are released from nerve terminals at forming or mature synapses. However, the fact that receptor-inducing activity from Torpedo electromotor tissue is active on chick myotubes suggests that molecules with such an activity may indeed play a key role in the formation of cholinergic synapses. Cohen and Weldon (1980) demonstrated that spinal cord cells, many of which are cholinergic (Anderson et al., 1977 (Anderson et al., , 1979 would affect the distribution of ACh receptors on Xenopus myotomal muscle but that presumably non-cholinergic dorsal root ganglion or sympathetic ganglion cells would not. Medium conditioned by chick ciliary ganglion cells, a pure population of cholinergic cells, but not by dorsal root ganglion cells, was found to cause increased synthesis of ACh receptors on chick myotubes (Jessell et al., 1979; Fischbach and Jesse& 1980) . The results that we have described for the Torpedo electromotor system lend further weight to the idea that ACh receptor-inducing activity is present in choline@ neurons since only cholinergic neurons are known to be present in the Torpedo electric lobe and organ (Feldberg and Fessard, 1942; Able-Fessard and Buser, 1954; Tsuji, 1977) . Taken together, these results are suggestive of a motor neuron-specific molecule which functions in some capacity during the formation, or in the maintenance, of the neuromuscular junction, but it has not yet been shown unambiguously that such an activity is unique to cholinergic cells and absent from non-cholinergic cell populations.
